Finger millet [Eleusine coracana (L.) Gaertn.] is an important coarse cereal crop grown in the arid and semi-arid regions and often experiences high temperature (HT) stress. The objectives of this research were (i) to quantify effects of season-long HT stress on physiological and yield traits, (ii) to identify the developmental stages most sensitive to HT stress and (iii) to quantify the genetic variability for HT stress tolerance in finger millet. Research was conducted in controlled environment conditions.
| INTRODUCTION
Finger millet [Eleusine coracana (L.) Gaertn.] is an important small millet cultivated in arid and semi-arid regions of the world for food and nutritional security at minimal cost compared with major cereals (Gupta et al., 2017; Satish, Ceasar, & Ramesh, 2017) . Finger millet occupies $ 12% of the global millet area, and the major producers are Uganda, India, Nepal and China. Finger millet annual world production is 4.5 million tons of grain, of which Africa produces 2 million tons (Upadhyaya, Gowda, Pundir, Reddy, & Singh, 2006) . Finger millet needs very little water for their production and can be cultivated under non-irrigated conditions or in very low rainfall regimes (200-500 mm). The optimal day and night temperature for finger millet growth and development is 27-32 and 22°C, respectively. The critical daytime and night-time temperature is 18-32 and 18°C, respectively. Temperature >32°C inhibits flowering in finger millet (Board on Science and Technology for International Development, 1996; Directorate of Millets Development, 2014; Krishna, 2014) .
Temperatures close to or >32/22°C are common in the semi-arid regions of the world , where finger Research highlight: We quantified impact of high temperature (HT) stress to determine thresholds, sensitive stages and genetic variability of finger millet. HT stress decreased number of seeds per panicle and seed yield per panicle. The periods of gametogenesis and anthesis were most sensitive to HT stress affecting seed yield. There was genetic variability for HT stress tolerance in finger millet that can be exploited to develop HT stress tolerant genotypes.
In many parts of SSA, increased both frequency and intensity of extreme weather events are projected (IPCC, 2013) . The temperature projections for South Asia indicated an increase of 3.3°C by the end of this century. The increase in temperature will be more pronounced during winter than in summer (IPCC, 2007) .
In crop plants, HT stress tolerance is a complex phenomenon involving an array of biochemical and physiological processes happening at organelle, cellular and whole plant level (Bita & Gerats, 2013; Bokszczanin & Fragkostefanakis, 2013; Mathur, Agrawal, & Jajoo, 2014; Prasad, Bheemanahalli, & Jagadish, 2017; Wahid, Gelani, Ashraf, & Foolad, 2007) . HT stress decreases crop yields by (i) faster crop development leading to shorter crop duration, (ii) impacting rates of photosynthesis, respiration and grain filling rate and duration, (iii) an increase in the saturation vapour pressure of air leading to reduced water use efficiency and (iv) damaging the cell ultrastructure (Lobell & Gourdji, 2012; Ray, Gesch, Sinclair, & Allen, 2002; Stone, 2001; Ziska, Blumenthal, Runion, Hunt, & Diaz-Soltero, 2011 ).
Studies have shown that when plants are subjected to mild HT stress (1-4°C above optimal growth temperature), there were moderate decreases in yield (Sato, 2006; Tesfaendrias, McDonald, & Warland, 2010; Timlin et al., 2006; Wagstaffe & Battey, 2006) .
However, exposure to a more intense HT stress (>4°C above optimum) results in severe yield loss and even complete crop failure (Gote & Padghan, 2009; Kadir, Sidhu, & Al-Khatib, 2006; Sato, Peet, & Thomas, 2000; Tesfaendrias et al., 2010) . The impacts of HT stress on yield were quantified for major field crops [rice (Oryza sativa L.), wheat (Triticum aestivum L.), sorghum (Sorghum bicolor L., Moench), pearl millet (Pennisetum glaucum L. R.Br.), dry bean (Phaseolus vulgaris L.), peanut (Arachis hypogea L.) and soybean (Glycine max L.) (reviewed in Prasad et al., 2017) . However, little information is available on effect of HT stress on finger millet yield and its components.
Research on various cereals revealed that HT stress decreased chlorophyll content, photosystem II quantum yield, photosynthetic rate and economic yield (Djanaguiraman, Prasad, Murugan, Perumal, & Umesh, 2014; Narayanan, Prasad, Fritz, Boyle, & Gill, 2015; Sunoj, Shroyer, Jagadish, & Prasad, 2016) . Studies on rice, wheat, maize (Zea mays L.), sorghum, pearl millet, peanut, cowpea (Vigna unguiculata L.) and common bean indicated that reproductive stage appears to be more vulnerable to HT than vegetative stages of crop development (reviewed in Hatfield et al., 2008 Hatfield et al., , 2011 Prasad et al., 2017) . Studies on maize (Schoper, Lambert, Vasilas, & Westgate, 1987) , wheat (Ferris, Ellis, Wheeler, & Hadley, 1998; Prasad, Pisipati, Ristic, Bukovnik, & Fritz, 2008) , rice (Matsui, Omasa, & Horie, 2001; Prasad, Boote, Allen, Sheehy, & Thomas, 2006; Prasad et al., 2017) and sorghum Prasad, Djanaguiraman, Perumal, & Ciampitti, 2015) indicated that HT stress during reproductive stages decreased the number of seeds per panicle and individual seed weight, resulting in lower grain yields.
Grain numbers are a result of successful fertilization (seed set), which mainly depends on the functionality of male (pollen) and female (ovule) gametes. Adverse environmental conditions during floral development and anthesis can negatively influence gametes viability and its functions leading to decrease in floret fertility, consequently, seed set (Djanaguiraman, Perumal, Ciampitti, Gupta, & Prasad, 2017; Prasad, Boote, Allen, Sheehy et al., 2006) . HT stress during the grain filling period decreases individual grain size due to shorter grain filling duration (Prasad, Pisipati, Mutava, & Tuinstra, 2008) and/or grain filling rate (Dias & Lidon, 2009; , Prasad, Pisipati, Ristic et al., 2008 . The impacts of HT stress during the reproductive stage of finger millet are not known. Improved knowledge on how finger millet responds to HT stress and quantifying the response will help to develop crop, soil, nutrient and water management practices that can enhance resilience to changing environments.
Existence of genetic variability for HT stress tolerance is a critical factor for the development of more HT-tolerant cultivars. Genetic diversity among germplasm with varied degree of HT stress tolerance has been well documented in cereals such as rice, wheat, sorghum and pearl millet (Djanaguiraman et al., , 2017 Nguyen et al., 2013; Pradhan, Prasad, Fritz, Kirkham, & Gill, 2012; Prasad, Boote, Allen, Sheehy et al., 2006) . In cereals, the HT-tolerant genotypes are defined by maintenance of photosynthesis, chlorophyll content and stomatal conductance under HT stress, while the yield of these genotypes is maintained through higher seed set, grain number and individual grain weight at HT (Djanaguiraman et al., , 2017 Nguyen et al., 2013; Pradhan et al., 2012; Boote, Allen, Sheehy et al., 2006; Prasad et al., 2017; Singh et al., 2015; Yang, Sears, Gill, & Paulsen, 2002) . However, research on quantifying genetic variability for HT stress in finger millet is limited.
Hence, the objectives of this research were (i) to quantify effects of HT stress on physiological and yield traits, (ii) to identify the developmental stages of finger millet most sensitive to HT stress and (iii) to quantify the genetic variability for HT stress tolerance in finger millet.
| MATERIALS AND METHODS
Studies were conducted in controlled environmental facilities in the Department of Agronomy at Kansas State University, Manhattan, Kansas, USA.
| Effects of season-long HT stress
To determine the season-long HT stress effects on growth, physiology and yield, ten seeds of the finger millet genotype, 27116701 SD, were sown at the 2-cm depth in 3.8 L PVC pots containing Metro Mix 350 (Hummert International, Topeka, KS, USA). A controlled release fertilizer, Osmocote Classic 90551 (19-6-12, N-P-K) (Scotts, Marysville, OH, USA), was incorporated into the rooting medium at the manufacturer's recommended rate of 1.8 kg/m 3 before sowing. Three indoor growth chambers (Conviron Model CMP 3244, Winnipeg, Manitoba, Canada) were used to impose various temperature treatments. Each growth chamber was 75 cm wide, 180 cm long and 185 cm high. After emergence, the plants were thinned to three per pot.
All the three growth chambers were maintained at daytime maximum/night-time minimum temperatures of 32/22°C from sowing until 10 days after emergence. Then, the three temperature treatments were imposed by changing the temperature of growth chambers to 32/22°C (OT), 36/26°C (HT 1 ) and 38/28°C (HT 2 ) representing three temperature regimes until maturity. Daytime and night-time temperatures were held for 12 hr (6 hr each) with a 6-hr transition period between each daytime maximum and night-time minimum temperatures. The photoperiod was 12 hr, and photon flux density (400-700 nm) provided by cool fluorescent lamps was 940 lmol m À2 s À1 measured at canopy level. Relative humidity in the chambers was uniformly set at 85%. The relative humidity was maintained inside the growth chamber by automated spray of water as fine mist by the growth chamber inbuilt program. Air temperature and relative humidity were continuously monitored at 20-min intervals in all growth chambers until maturity. The pots had drainage holes and were watered daily to pot capacity to keep adequate soil moisture to avoid water stress. Pots (50 in number) were randomly moved within each growth chamber to eliminate any positional bias with reference to treatment effects (temperature). panicle. All the panicles were dried and hand-threshed to determine grain yield (g) per plant, 100-seed weight (g) and harvest index (ratio of grain yield to total above ground biomass). The 100-seed weight (g) was estimated as the ratio of total seed dry weight to total number of seeds and multiplied by 100.
| Effects of short episodes of HT stress
To identify the HT sensitive stages of finger millet, ten seeds of the finger millet genotype, 27116701 SD, were sown in the greenhouse maintained at 27/18°C (daytime maximum and night-time minimum temperature) and 50% RH as mentioned earlier. HT to serve as controls. The RH was set and maintained at 85%. The chlorophyll content and thylakoid membrane damage were recorded in all the genotypes on 14th day of temperature treatment using SPAD meter and OS30p chlorophyll fluorometer, respectively.
| Genetic variability for HT stress tolerance
In each pot, the panicle from main tiller was tagged with cotton thread. At maturity, the tagged panicle was hand-harvested and dried at 40°C for 7 days. The number of fingers per panicle, panicle length, panicle width, finger length, finger width was measured in the tagged panicles. The tagged panicles were hand-threshed, and the seeds were counted and weighted. The 100-seed weight (g) was estimated as the ratio of total seed dry weight per panicle to total number of seeds per panicle and multiplied by 100.
| Data analyses
The experimental design for season-long, short episode and genetic variability was a randomized block design. Temperature treatment was randomly assigned to the growth chambers. Statistical analyses were performed using SAS 9.1.3 (SAS Institute, 2003) . The PROC GLM procedures were used, and the least square difference was used to separate the treatment means. Standard error bars are shown as an estimate of variability. The classification of finger miller genotypes for HT stress tolerance was performed using principal component analysis (PCA) as described by Kakani et al. (2005) by considering the reproductive trait variability under OT and HT stress. Eigenvectors generated by PCA were used to identify parameters that differentiated finger millet genotypes for HT stress tolerance. The factor loading values of variables and genotypes in PC1 and PC2 were used to classify the variables and genotypes. Genotypes that had +PC1 and +PC2
scores were classified as tolerant (quadrant I). Those with +PC1 and ÀPC2 scores were classified as moderately tolerant (quadrant II).
Those with ÀPC1 and +PC2 scores were classified as moderately susceptible (quadrant III), and those with ÀPC1 and ÀPC2 scores were classified as susceptible (quadrant IV).
3 | RESULTS
| Quality control of growth chambers
The temperatures of the growth chamber for the OT treatment during the season-long HT stress experiment were 31.7 AE 0.5°C daytime maximum and 21.6 AE 0.5°C night-time minimum, respectively.
In HT 1 , they were 35.5 AE 0.5°C and 25.8 AE 0.5°C; and in HT 2, they were 37.9 AE 0.5°C and 27.6 AE 0.5°C. For the short-term HT stress and genetic variability experiment, temperatures were also with AE0.4°C of the target temperatures. In all the experiments, relative humidity was similar across all temperature regimes at about 85 AE 5%. Quality of the temperature control and growth chamber performance was previously published (Pradhan et al., 2012) .
| Effects of season-long HT stress
Overall, there was no effect of HT on photosynthesis ( Figure S1 ). had more seeds per panicle (Figure 3c ) and heavier seeds (Figure 3d) . The leaf and stem dry weights were decreased by HT stress 
| Effects of short episode of HT stress
Finger millet growth traits such as plant height (cm per plant), number of leaves per plant, leaf area per plant (cm 2 ) and leaf dry weight (g per plant) were not influenced by short episodes of HT stress ( or 10 days after flowering caused similar decreases (~60%) in number of seeds per panicle. There was no significant effect of short episode of HT stress on 100-seed weight (Figure 4b ). Only continuous HT stress decreased 100-seed weight by 52% compared with the control. Grain yield significant decreased by 36% at booting, 72% at panicle emergence, 57% at flowering, 36% at 40 DAF and 79% at continuous HT compared with the control (Figure 4c ).
| Genetic variability for HT stress tolerance
Across all genotypes, HT stress decreased the chlorophyll index (SPAD units; 6.6%) and increased the O/P ratio of chlorophyll a fluorescence by 70.5% (Table 2) . Finger millet genotypes varied significantly (p < .05) for chlorophyll index (SPAD units), O/P ratio of chlorophyll a fluorescence and canopy temperature (Table 3) . Among the genotypes, the O/P ratio of chlorophyll a fluorescence at HT ranged between 0.309 (relative units; IE2312) and 0.371 (relative units; IE4734) (Table 3) . Similarly, the chlorophyll index ranged from 44.8 (SPAD units; IE2437) to 52.9 (SPAD units; IE3973) and canopy temperature at HT ranged between 37.6°C (IE4734) and 42°C (IE4497) ( Table 3 ). The interaction of genotype and temperature
showed that the highest increase in O/P ratio of chlorophyll a fluorescence was observed in genotype IE6154 (108%) and IE3952 (105%) due to HT stress and maximum decrease in chlorophyll index (SPAD units) was observed in the genotype IE4734 (14%; (Table 4) . Averaged across temperatures, the highest number of seeds per panicle was observed in genotype IE2957 (1377.9) and the lowest in genotype IE4757 (180.4) ( Table 5 ). The seed yield per panicle ranged from 3.4 g per panicle (IE5066) to 0.29 g per panicle (IE4757) ( Table 5 ).
The 100-seed weight was the highest in the genotype IE2296 (0.375 g) and the lowest in genotype IE2871 (0.079 g) ( Table 5 ).
The interaction of genotype and temperature showed that the highest panicle width decrease was observed in genotype IE4570
(50.6%) due to HT stress; however, the genotype IE2710 had increased (3%) panicle width due to HT stress (Table 4 ). The data on finger width indicate that in most of the genotypes, the finger width was decreased by HT (Table 4) . Number of seeds per panicle and seed yield per panicle showed a decrease in the range of 71%-100%
and 80%-100%, respectively. The genotype IE2312 had a decrease of 71% in number of seeds per panicle; however, the genotypes IE4673, IE4734 and IE6154 had a decrease of 100% due to HT stress (Table 5 ). HT stress decreased the 100-seed weight in all the genotypes, except in IE2589, IE4545, IE4673, IE 4757, IE5201, IE5367 and IE6473 (Table 5) .
| Principal component analysis
The principal component analysis indicated that the first two principal component vectors (PC1 and PC2) accounted for 45.4% of the total variation (Figure 5a ). Among the various traits in PC1, maximum variation was explained by panicle width OT at HT (17%) and grain yield per panicle at OT (14%) (Figure 5a ). In PC2, maximum variability was observed for number of seeds per panicle at HT (26%) followed by grain yield per panicle at HT (24%) (Figure 5a ). HT stress (38/28°C) decreased chlorophyll index compared to OT (32/22°C; Figure 1d ). Lesser accumulation of chlorophyll molecule in HT-stressed plants may be attributed to impaired chlorophyll synthesis or its accelerated degradation or a combination of both (Ashraf & Harris, 2013) . HT stress (≥36/26°C) increased O/P ratio of chlorophyll a fluorescence compared to OT (32/22°C; Figure 1c ; . Photosynthesis has been long recognized as sensitive to environment stresses. In the present study, the photosynthetic rate was not affected by HT stress (38/28°C; Figure S1 ). The absence of a clear effect of HT on photosynthesis is consistent with previous reports for sorghum (Jain, Prasad, Boote, Allen, & Chourey, 2007; Prasad, Pisipati, Mutava et al., 2008) and rice (Prasad, Boote, Allen, Sheehy et al., 2006) . This indicates that the overall electron transport may remain almost unaltered regardless of substantial PS II photodamage. The increase in overexcitation of PS II might have exacerbated damage to PS II (Behrenfeld, Prasil, Kolber, Babin, & Falkowski, 1998) . The other possible mechanism involved in PS II photodamage could be that the excess energy that cannot be used to drive photosynthesis can enhance the production of reactive oxygen species, which can induce photooxidative damage to PS II (Roach & Krieger-Liszkay, 2014) . Compared to OT, the transpiration rate ( Figure 1a ) and the stomatal conductance ( Season-long HT stress decreased growth traits (e.g., plant height, internode length and total dry matter) leading to lower grain yield.
The decreased plant height under HT 1 and HT 2 was attributed to decreased internode length (Figure 2b) . In grain sorghum, seasonlong HT stress resulted in significant increases in leaf numbers, particularly when reproductive development was arrested without any decrease in leaf photosynthetic rates . (2004)]. Increased respiration rate under HT stress can also contribute to lower dry matter production under HT stress (Djanaguiraman, Prasad, & Schapaugh, 2013; Sunoj et al., 2016) . Season-long HT stress had adverse effects on yield and yield components compared with OT ( Figure 3 ). Lower seed yield at HT stress compared to OT was due to lower seed numbers per panicle and 100-seed weight. In sorghum, temperatures >36/26°C decreased seed set, seed yield and harvest index compared with 32/22°C (Prasad, . Similarly, exposure to longer duration HT stress during panicle development or grain filling also decreased grain yield due to decreases in seed numbers and/or individual seed weight of grain sorghum under field conditions .
The decrease in harvest index under HT stress is due to decreased grain yield and stem and leaf dry matter accumulation ( Figure S2 ). caused by injury to microsporogenesis (pollen development) and mega-sporogenesis (ovule development) process under HT stress (Cross, McKay, McHughens, & Bonham-Smith, 2003; Prasad, Craufurd, Kakani, & Boote, 2001; Prasad, Pisipati, Mutava et al., 2008; Young, Wilen, & Bonham-Smith, 2004; . According to Jain et al. (2007) , loss of pollen viability under HT stress is associated with altered carbohydrate metabolism and starch deficiency in developing pollen grains. Other mechanism associated with loss of viability of gametes includes increased production of reactive oxygen species, alterations in lipid composition, anatomical abnormalities and decreased antioxidants .
The finger millet genotypes varied for panicle length, finger length, number of seeds per panicle at HT and O/P ratio for chlorophyll a fluorescence at HT (Figure 5a ). Under HT stress, seed yield is positively correlated with number of seeds per panicle and negatively correlated with O/P ratio for chlorophyll a fluorescence. In sorghum, under HT stress, the seed set percentage (number of seeds per panicle) is strongly correlated with seed yield (Nguyen et al., 2013; Singh et al., 2015) . The number of seeds per panicle and seed yield per panicle was ranged between <1 -360 and <0.01 -0.73 g, respectively, suggesting that ample genetic variation is available in finger millet that could be exploited in breeding programmes. Even under such extreme HT The responses observed in the present investigations are from tagged panicles that were exposed to HT stress under controlled environment conditions. However, under field conditions, it will be different due to day to day variation in timing, intensity and duration of stress events. Hence, further research is warranted under field conditions for quantifying the impact of season-long and short episodes of HT stress on finger millet yield on multiple genotypes and quantifying genetic variability. In both of our experiments (seasonlong and short HT stress), the relative humidity in the growth chambers was kept constant at 85% under all the temperatures regimes;
this resulted in different vapour pressure deficits (VPDs) in different temperature regimes. In future, it is predicted that increased temperature will be observed; however, the relative humidity will remain constant (Rind, 1998) 
